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A new mechanism of contact resistance formation in ohmic contacts with high dislocation density is
proposed. Its specific feature is the appearance of a characteristic region where the contact resistance
increases with temperature. According to the mechanism revealed, the current flowing through the
metal shunts associated with dislocations is determined by electron diffusion. It is shown that current
flows through the semiconductor near-surface regions where electrons accumulate. A feature of the
mechanism is the realization of ohmic contact irrespective of the relation between the contact and bulk
resistances. The theory is proved for contacts formed to III-V semiconductor materials as well as
silicon-based materials. A reasonable agreement between theory and experimental results is obtained.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3702850]
I. INTRODUCTION
In recent years, a number of papers have appeared report-
ing on the observation of anomalous behavior of contact resist-
ance Rc in ohmic contacts to semiconductors with high
dislocation density. The following anomaly was registered: in
the temperature range starting from room temperature the con-
tact resistance increases with increasing temperature T. In par-
ticular, such temperature dependence of the contact resistance
was observed for In-n-GaP and In-n-GaN contacts.1–3 The
increase of contact resistance with temperature was also
observed for ohmic contacts to p- and n-InP.4 The authors of
Ref. 5 studied the temperature dependencies of contact resist-
ance of Pt-Si-n-Si as a function of Si doping level. It was
shown that for n-Si doped from 1016 to 1018 cm3 experimen-
tal dependencies of RcðTÞ decrease with temperature increase
and agree quite well with theoretical curves obtained within
the frame of thermionic mechanism of current flow.
The experimental RcðTÞ curves obtained in the above-
mentioned papers contradict the thermionic mechanism of
current flow, according to which Rc must decrease with tem-
perature. In fact, the situation is similar to the realization of
the thermal-field mechanism of current flow. This case
involves Schottky contacts with depletion in the near-contact
semiconductor region. At the same time, the results obtained
in Refs. 1–3 were explained by assuming that current flow is
limited by the resistance of metal shunts on dislocations in
semiconductor layers with high dislocation density. Since
metal resistance increases linearly with temperature at tem-
peratures exceeding the Debye temperature, the appearance
of linear behavior of the RcðTÞ is expected. However, a num-
ber of experimental features in Rc behavior for metal-GaN
contacts remain as yet unexplained. In particular, no inter-
pretation was found for a specific region in the RcðTÞ de-
pendence immediately before the linear increase of contact
resistance with temperature at low temperatures. In addition,
it was observed that the contact resistance as a function of
the doping level has very weak dependence. To illustrate
this, the authors studied the samples with the doping level
changed by more than two orders of magnitude and demon-
strated that even in a wide doping range the contact resist-
ance at room temperature no more than doubled.
A qualitative explanation for the observed increase of
contact resistance with temperature4 is the following: In
semiconductors with stepped doping (n nþ junction), the
flowing current may be restricted by a diffusion mechanism
supplying the electrons. For this case, it was supposed that
Rc is proportional to T
2. However, a comprehensive analysis
made earlier for Schottky contacts6 with stepped doping
demonstrated that the current in Schottky contacts (except
for weakly doped semiconductors with electron concentra-
tion 1015 cm3) is determined by thermionic emission
rather than the diffusion limitation. Thus, the diode theory of
current flow through the contact was shown to be more
appropriate than the diffusion theory. In this case, the tem-
perature dependencies of Rc in the framework of the thermi-
onic mechanism of current flow have to be normal, i.e.,
decreasing resistance with temperature increase.
Here, we propose a novel concept explaining the un-
usual behavior of ohmic contacts in the model considering
the current flow through the metal shunts along the disloca-
tions and current limitation by a diffusion mechanism sup-
plying electrons. An essential difference from the model
developed in earlier work (Ref. 4) is the consideration of the
current flow paths through the regions accumulating elec-
trons rather than depleted regions. By combining the two
above-mentioned mechanisms we can explain the behavior
of RcðTÞ curves (decreasing with increasing temperature in
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the low temperature range and increasing as a function of
temperature in a higher temperature range) not only for the
metal-GaP (GaN) ohmic contacts but also for contacts fabri-
cated for other semiconductor layers of rather high disloca-
tion density. A comparative analysis of the theoretical and
experimental results demonstrates, as a rule, very good quan-
titative agreement.
II. THEORETICAL BASIS FOR THE CONCEPT
Let us assume that a potential well is formed near the
end of each dislocation growing into a semiconductor. Gen-
erally speaking, a Schottky layer has to appear near the end
of the dislocation whose nucleus is filled with a metal. The
reason for its appearance is related to the corresponding dif-
ferent contact potentials and surface states. An extremely
high electric field appears at the end of the dislocation as a
result of considerable curvature as well as the very small size
of the metal shunts. The strength of the electric field can be
estimated by assuming that the end of the dislocation is hem-
ispherical, and that the charge there is determined by a small
number, Z, of electrons (or ions). The strength Es of the elec-
tric field in the semiconductor near the end is obtained from
the condition of equality of electric displacements in the
metal and semiconductor. Both the edge effect (which leads
to a considerable increase of the electric field strength) and
the effect of the mirror image forces lead to a considerable
reduction of the barrier height, Du, near a shunt. Its value (in
the above approximations) is
Du ¼ q
ffiffiffi
Z
p
4pe0esr
; (1)
where q is the elementary charge, es is the semiconductor
permittivity, and r is the radius of the shunt.
Assuming that Z ¼ 1, r¼ 2 108 cm, and es¼ 10, Du
can be estimated as 0.72V. If the difference between the metal
work function and the semiconductor electron affinity ums is
below the above value, then we have a potential well rather
than a potential barrier at the shunt end. Thus, the appearance
of potential wells at the ends of metal shunts formed due to
dislocations has reasonable physical preconditions.
It should be noted that the influence of surface states is
reduced in the case under consideration. Indeed, the shunt sec-
tional area SSh compared with N
1
s (Ns is the concentration of
surface states) satisfies the following relation: SSh<N
1
s ,
therefore the effective concentration of surface states that
influences band bending formation at the end of the disloca-
tion is reduced SshNs times.
The thermionic current flowing through the semiconduc-
tor regions accumulating electrons may decrease with
increasing temperature, taking into account current limitation
by the diffusion mechanism supplying electrons. This results
in increasing contact resistance. A sufficiently high density
of scattering dislocation centers leads to a decrease of elec-
tron mobility in favor of the realization of the condition for
current limitation by the diffusion mechanism.
Let us assume that the metal-semiconductor contact
potential is nonuniform. In places where dislocations enter a
quasi-neutral region of the semiconductor, a positive value
of band bending uc0 is realized that forms a potential well
for electrons. Between the dislocations, as usual, the contact
potential uc is negative. It should be noted, that the contact
potential ucis the diffusion (built-in) potential, determined
from the edge of the conduction band of semiconductor to
the top of the barrier. This corresponds to the realization of a
Schottky barrier. The total current flowing through the con-
tact interface is a sum of the current flowing through the
metal shunts associated with dislocations and current flowing
between the dislocations. Current flowing through the metal
shunts associated with dislocations enables ohmic contacts
to be realized, whose contact resistance will be calculated
below.
In calculating the contact resistance, we consider that
the contribution from the current flowing between the dislo-
cations can be neglected in the case of high density of the
dislocations. The reason for this is a high value (up to about
1V) of the contact potential related to the high concentration
of the surface states. The contact potential is the diffusion
(built-in) potential uc that is measured from the edge of the
conduction band of the semiconductor.
Figure 1 shows the theoretical dependencies of the diffu-
sion potential jucj on the doping level for a metal-GaN con-
tact with a tunnel-transparent dielectric gap calculated at
different concentrations of acceptor surface states Nsa located
in the lower half of the bandgap. The calculation was per-
formed using the approach described in Ref. 7, pp. 139–144.
It can be seen that, at Nsa 1.6 1013 cm2, the diffusion
potential values exceed 0.7V as the doping level varies up to
about 1019 cm3.
Figure 1 also shows the dependencies of jubj ¼ uc
Ef=q (i.e., the barrier potential determined from the Fermi
level in the metal to the top of the barrier) as a function of the
doping level; the concentration of surface states is 1013 cm2.
The Fermi level is not pinned at the surface (otherwise ub
would not depend on the doping level). The values of jubj
(0:7 V) are high over the hole doping level range, up to con-
centrations of over 1018 cm3. Thus, the above-mentioned
results demonstrate a fairly convincing reason for neglecting
the currents flowing between dislocations.
FIG. 1. The calculated dependencies of the diffusion potential j/cj and barrier
height j/bj of the contact to GaN as a function of the semiconductor doping
level. The following parameters are used: /ms¼ 0.5V, T¼ 300K, thickness of
the dielectric gap d¼ 2 108 cm, the dielectric gap permittivity ed ¼ 1,
Nsa (cm
2): 1  5 1012; 2 1013; 3 1.6 1013; 4 1013.
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Let us calculate the thermionic current flowing through a
single dislocation. The current is collected from the area pL2D,
where
LD ¼ e0eskT
2q2Nc
 0:5
U
0
1=2ðzÞ
1=2
(2)
is the Debye screening length for the case of an arbitrary
degree of semiconductor degeneracy, Nc is the effective den-
sity of states in the conduction band,
U
0
1=2ðzÞ ¼
2ffiffiffi
p
p
ð1
0
ffiffiffi
j
p
expðj zÞ
1þ expðj zÞ
2 dj; (3)
where z ¼ Ef=kT is the dimensionless Fermi energy in the
semiconductor, j ¼ E=kT is the dimensionless kinetic energy
of electrons (Ref. 8, p. 659).
The surface density Jnc of the thermionic current flowing
through the contact at the dislocation outcrop can be deter-
mined by solving the continuity equation for electrons. The
relation between the electron concentration in the bulk nw
and nonequilibrium electron concentration nðxÞ at a point x
of the near-contact space-charge region is obtained by dou-
ble integration of the continuity equation over the coordinate
x that is perpendicular to the metal-semiconductor interface.
For a nondegenerate semiconductor,
nðxÞ ¼ eyðxÞ nw  Jnc
qDn
ðw
x
eyðx
0Þdx0
 
; (4)
where yðxÞ ¼ quðxÞ=kT is the dimensionless nonequilibrium
potential at a point x, Dn is the electron diffusion coefficient,
and w is the width of the near-contact space-charge region.
The amount Jnc is determined by the following expres-
sion (Ref. 7, pp. 157, 158):
Jnc ¼ qVT
4
ðnc  nc0Þ: (5)
Here q is the elementary charge, VT is the thermal velocity
of electrons, nc (nc0 ¼ nw expyc0) is the nonequilibrium
(equilibrium) electron concentration in the contact plane,
and yc0 ¼ quc0=kT is the dimensionless equilibrium poten-
tial at the metal-semiconductor interface.
Taking x in Eq. (4) as being zero and using Eq. (5) for Jnc
it is possible to determine nc. Then, substituting the expression
for nc in Eq. (5) and taking into account the dimensionless
nonequilibrium potential yc ¼ yc0 þ lnðqV=kTÞ (this is the
condition for the contact to be ohmic), we obtain the
following expression for the density of current flowing
through the metal-semiconductor contact at the dislocation
outcrop:
Jc ¼ V
Rc0
; (6)
where
Rc0 ¼ kT
q
1þ VT
4Dn
eyc0
ðw
0
eyðxÞdx
 
qVT
4
nwe
yc0
: (7)
When calculating Rc0, we took into account that
ðw
0
eydx ¼ LD
ðyx
yc
ey
ðey  y 1Þ0:5 dy: (8)
The calculation shows that, at yx ¼ 0:5, the integral in Eq. (8)
varies from 0.56 (for yc0¼ 1.5) to 0.65 (for yc0¼ 3.5) and
becomes practically constant at larger yc0.
The contact resistance (determined by the diffusion
input mechanism) for a contact of unit area was determined
from the expression,
Rdiff ¼ Rc0pL2DND1
; (9)
where ND1 is the density of dislocations that take part in cur-
rent flow. Generally speaking, the density of dislocations
taking part in current flow (ND1) and density of dislocations
taking part in scattering (ND2) are different. The former are
mainly dislocations normal to the interface, while the latter
are dislocations parallel to the interface.
The amount pL2DND1S (S is the contact area) is the total
area of the current flowing through the dislocations. As a rule,
the value of the relevant area, pL2DND1, is far below unity,
even at maximal dislocation densities ND1  1010–1011 cm2.
The exception is the case of weakly doped semiconductors
with Nd 1015 cm3, where Nd is the concentration of shal-
low donor centers.
The electron diffusion coefficient, according to the Ein-
stein relation, is Dn ¼ kTln=q. We determined electron mo-
bility ln taking into account electron scattering on charged
impurities (lZ), optical phonons (lo) and dislocations (lD),
ln ¼ ðl1Z þ l1o þ l1D Þ1: (10)
In our calculations, we applied the expressions for lZ and lo
from Ref. 9, pp. 166, 206 and for lD from Ref. 10, p. 184.
These expressions can be described as follows:
lzðTÞ
¼
3:68 1020 es
16
 2 T
100
 3=2
nw
m
m0
 1=2
log 1þ es
16
  T
100
 
2:35 1019
nw
 1=3 !224
3
5
;
(11)
loðTÞ ¼
31:8 sinh h
2T
 
1
esh
 1
esl
 
ðhÞ0:5 m
m0
 1:5 h
2T
 3=2
K1
h
2T
  ; (12)
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where h is the temperature of the longitudinal optical phonon,
m is the electron effective mass, m0 is free electron mass, esh
(esl) is the high- (low-) frequency permittivity of the semicon-
ductor, and K1ðh=2TÞ is the modified Bessel function of the
first order,
lD ¼
B expðgÞ
T1=2ND2L
5
D
K2ðgÞ; (13)
where g ¼ h2=16mL2DkT is dimensionless energy of elec-
trons, K2ðgÞ is the modified Bessel function of the second
order, B ¼ ðh2e0eslcÞ2=8
ffiffiffiffiffiffiffi
2pk
p
q3 r2m5=2 is dimension factor,
r ¼ k=2qc is strength factor, k is the linear charge density of
a dislocation line, c is the lattice constant in the [0001]
direction.
The above expressions are valid for nondegenerate
semiconductors. The quantity
b ¼ VT
4Dn
eyc0
ðw
0
eyðxÞdx (14)
is a factor that determines the degree of diffusion limitation
that is essential at b > 1.
In the simplest case, all the donors (whose concentration is
Nd) are ionized, and nw ¼ Nd. The theoretical bðNdÞ curves for
n-GaN at different densities of the scattering dislocations are
shown in Fig. 2, taking the donor ionization energy to be
15meV, yc0¼ 2, and T¼ 300K. Thus, as a rule, the degree of
the diffusion limitation mechanism is rather high for parameters
varying over a wide range if accumulation is realized in the
band bending region at the end of the dislocation. However, it
can be seen from Fig. 1 that, as the doping level increases, the
value of b decreases from a value greatly exceeding unity to a
value much below unity. The reasons for such behavior are the
following: (i) decrease of the Debye screening length LD and
(ii) reduction of yc0 due to decrease of the electric field strength
at the end of the dislocation. As a result, the diode theory of
current flow in the metal-semiconductor contact will be more
appropriate in the case of degeneracy.
By applying the approach developed in Ref. 6, the fol-
lowing expression can be obtained for contact resistance in
the case of degeneracy and realization of the thermionic
mechanism of current flow,
Rte ¼ k
qAðm=m0ÞT
1
ln½1þ expðzþ yc0Þ ; (15)
where A is the Richardson constant. The dimensionless
Fermi energy z can be determined from the equation of bulk
neutrality,
Nd
1þ expðzEd=kTÞ ¼
2ffiffiffi
p
p Nc0 T
300
 3=2 ð1
0
j0:5
1þ expðj zÞdj;
(16)
where Ed is the energy level of shallow donors, Nc0 is the effec-
tive density of states in the conduction band at T¼ 300K.
It should be noted that, for sufficiently shallow donors,
Eq. (16) (written on the assumption that the donor level is
discrete) does not hold at sufficiently low temperatures
because in that case it does not take into account broadening
of the donor levels and appearance of the impurity band. If
the inequality Nd  Nc0 is true, then the electron concentra-
tion does not depend on temperature in the whole tempera-
ture range down to the liquid helium temperature. In that
case, the equation of semiconductor bulk neutrality is deter-
mined as follows:
Nd ¼ nw ¼ 2ffiffiffipp Nc0 T300
 3=2 ð1
0
j0:5
1þ expðj zÞ dj: (17)
At strong degeneracy, the Debye screening length in the
semiconductor, LD, approaches r0, which does not depend on
temperature and weakly depends on the doping level,
r0 ¼ 1
2
p
3
 1=6 4pe0esh2
mq2N
1=3
d
 !1=2
: (18)
Thus, in the case of degeneracy, the contact resistance for
the current flow mechanism associated with metal shunts can
be determined by the expression,
Rtw ¼ Rtepr20ND1
: (19)
In this case, averaging of relaxation time s over electron
energy E for a specific scattering mechanism at s Ergives
hErf limi, where hEf limi ¼
ð3p2Þ2=3h2N2=3d =2m is the Fermi
energy for the case of full degeneracy. Since hEf limi does not
depend on temperature, the mobility for electron gas with
strong degeneration does not depend on temperature either.
The exception to this rule is polar optical scattering, for
which the relaxation time depends on the optical phonon
energy rather than on the electron energy.
Let us analyze how Rdiff depends on the semiconductor
doping level and dislocation density. For a nondegenerate
FIG. 2. The calculated dependencies of b as a function of the GaN doping
level for different densities of scattering dislocations ND2 (cm
2): 1 3 109;
2 109; 3 3 108; 4 106. The following parameters are used for the calcu-
lation: yc0 ¼ 2, Ed ¼0.015 eV, VT ¼ 2 107 cm/s.
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semiconductor, Rdiff  LD=ðlnNd L2D ND1Þ. In semiconduc-
tors with high dislocation density electron scattering on dis-
locations is predominant at low doping (Ref. 9, p. 214 and
Ref. 10, p. 184). In this case, lD  L1D and Rdiff  N1d . At
medium doping levels, the electron mobility is determined
by scattering on optical phonons and Rdiff  N1=2d . At higher
doping levels, l 	 lz and Rdiff  N1=2d . In the case of
strongly degenerate semiconductors the analog of Rdiff is
Rtw  N1=3d . Thus, the dependence of contact resistance (lim-
ited by diffusion input) on the semiconductor doping level is
stronger than doping dependence in the case of the thermi-
onic mechanism in Schottky contacts. As the doping level
increases, the contact resistance may not only decrease but
also increase.
Rdiff dependence on dislocation density is also nontri-
vial. It declines as the density of dislocations taking part in
current flow, ND1, increases. At the same time, Rdiff depend-
ence on the density of scattering dislocations is more compli-
cated. At low doping levels, Rdiff increases with the density
of scattering dislocations due to the decrease of electron
mobility, while at high doping levels, it does not depend
on ND2.
The total resistance of the metal shunts is in series with
resistance Rdiff (Rtw) in the case of a nondegenerate (degener-
ate) semiconductor. Therefore, taking into account the
results obtained in Refs. 1–3, the total resistance of the
ohmic contact in a semiconductor with a high dislocation
density may be described as
Rcs ¼ Rdiff ðRteÞ þ RshðTÞ; (20)
where RshðTÞ ¼ ½q0ð1þ aTÞ=pr2ND1dD, q0 is the metal spe-
cific resistivity at T¼ 0
 C, a is its temperature coefficient,
dD is the distance traveled by electrons through dislocations
from the bulk semiconductor to the contact metallization. It
should be noted that all expressions in this section are
obtained for contacts of unit area.
III. DISCUSSION OF RESULTS AND COMPARISON
WITH EXPERIMENT
If the current is limited by the diffusion mechanism sup-
plying electrons, then contact resistance is inversely propor-
tional to electron mobility. Therefore, a rather strong reduction
(increase) of Rdiff should be expected as the electron mobility
l increases (decreases) considerably with T. The electron mo-
bility increases with temperature increase in the case of elec-
tron scattering on charged impurities and dislocations, while it
decreases in polar semiconductors due to scattering on polar
optical phonons. In sufficiently doped semiconductors, scatter-
ing on charged impurities is predominant, while scattering on
dislocations dominates at low doping levels. The efficiency of
scattering on polar optical phonons is determined by the
energy of a longitudinal optical phonon: the larger this energy,
the higher are the temperatures at which this scattering mecha-
nism is dominant (Ref. 9, p. 206).
Table I presents the parameters of the semiconductors:
GaN, InP, GaAs, and Si are used to obtain the theoretical
dependencies lnðTÞ and RcðTÞ. Figure 3(a) shows the calculated
temperature dependencies lnðTÞfor GaN and InP for several
values of the density of scattering dislocations and semicon-
ductor doping level. It should be noted that the values of
scattering dislocation densities used for plotting the lnðTÞ
curves for GaN correspond to those used in fitting the theo-
retical and experimental dependencies RcðTÞ. Both the elec-
tron mobility obtained as well as its temperature dependence
are in good agreement with the experimental results (see
Refs. 11–13). Indeed, for GaN, in particular, the temperature
TABLE I. The semiconductor parameters used for calculating the theoretical
lnðTÞ and RcðTÞ curves.
Semiconductor GaN InP GaAs Si
m/m0 0.2 0.08 0.063 1.08
Nc/10
18 (cm3) 2.30 0.57 0.47 28.00
esl 9.0 12.5 12.8 12.7
esh 5.35 9.65 10.89 …
h (K) 1056 494 419 …
FIG. 3. (a) The temperature dependencies of electron mobility in GaN
(curves 1–3) and InP (curves 4–6) calculated for different densities of scat-
tering dislocations. The following parameters are used for the calculation:
Nd(cm
3): 1 5 1016; 2 1017; 3 1018; 4 6 9 1015. ND2 (cm2):
1 107; 2 3 108; 3 2 109; 4 106; 5 107; 6 5 107. (b) The tem-
perature dependencies of electron mobility in GaN (curves 1–3) calculated for
different density of scattering dislocations and doping. The following parame-
ters are used for the calculation: Nd(cm
3): 1 3 1017; 2 2.31017;
3 7.41017; ND2 (cm2): 1 1.07 108; 2 1.47 108; 3 4.5 108.
Circles, squares, and triangles are experimental data from Ref. 11.
083701-5 Sachenko et al. J. Appl. Phys. 111, 083701 (2012)
Downloaded 16 May 2013 to 134.94.122.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
dependencies of electron mobility calculated at different
doping levels by fitting the scattering dislocation densities
can match those measured in Ref. 11 with an accuracy of
10%. The theoretical dependencieslnðTÞ, calculated using
Eqs. (10)–(13) are shown by solid lines in Fig. 3(b). The
only fitting parameter is used, the density of scattering dis-
locationsND2. The experimental data (temperature dependen-
cies of mobility lnðTÞ measured by Go¨tz et al. (Ref. 11) in
GaN with different doping level) are shown by circles,
squares, and triangles. It should be emphasized that in the
sample with doping level of 3  1017 cm3 (curve 1) the mo-
bility is higher than in the sample with doping level of
2.3  1017 cm3 (curve 2). The fact is explained by higher
density of dislocations in the second case. Thus, taking into
account scattering by ionized impurities, optical phonons
and dislocations, theoretical expressions (10)–(13) allow us
to describe the experimental data obtained for GaN. Simi-
larly, the calculated lnðTÞ curves are in good agreement with
those obtained experimentally for InP.12,13
Let us analyze the dependencies obtained taking into
account the possibility of realizing an anomalous tempera-
ture dependence of the contact resistance, i.e., increasing
RcðTÞ with increasing temperature. To this end, the electron
mobility lðTÞ curve would have a decreasing share in the
high temperature range starting from room temperature. It
can be seen from Fig. 3, that for GaN, this occurs at a suffi-
ciently large variation of the scattering dislocation density,
from 106 to 2 109 cm2. For InP, this range is narrower,
namely from 106 to 3 107 cm2. At scattering dislocation
densities 5 107 cm2, the electron mobility of InP in the
temperature range usually studied increases with increasing
temperature. This corresponds to the case when the RcðTÞ
curves have to decrease at high dislocation densities. The
reason for such a distinction is the much stronger polar
optical scattering in GaN that ensures a sufficiently large
reduction of electron mobility at medium and high tempera-
tures. The situation in GaAs is similar to that in InP because
the optical phonon energy in GaAs is even lower than
in InP.
Our analysis allows us to classify the main behavior of
possible temperature dependencies of contact resistance in
the case of realization of the proposed mechanism of Rc for-
mation in semiconductors with high dislocation density.
Generally, the final contact resistance value is determined by
the diffusion input (i.e., Rdiff value) and total resistance of
shunts (i.e., Rsh). Therefore, the relationship between Rdiff
and Rsh may also be crucial along with the character of the
dependence lðTÞ for the realization of decreasing or increas-
ing temperature dependence RcðTÞ.
A. GaN case
Let us consider the case when the peak in the lðTÞ depend-
ence occurs and inequality Rdiff > Rsh is realized. The clearly
pronounced descending part of the lðTÞ curve occurs in polar
semiconductors with high energy of a longitudinal optical pho-
non. In particular, polar optical scattering in GaN (where the op-
tical phonon temperature h is 1056K) may reduce electron
mobility at high temperatures down to 102 cm2/(Vs) (Fig. 3),
while in InP (where h¼ 494K) the electron mobility is reduced
to just 103 cm2/(Vs) (see Fig. 3).
In n-Si, as in GaN, the electron mobility decreases rather
strongly (proportionally to T2:5) at high temperatures. This
is related to the contribution to carrier mobility of scattering
on acoustic phonons and two intervalley phonons (whose
temperatures are 190 and 630K, respectively).14 Thus, a
stronger increase of Rdiff ðTÞ should be expected in the region
of mobility reduction in silicon than in InP. In both cases
considered, an increased region has to be realized in the
Rdiff ðTÞ curves (as well as a minimum that appears under
certain conditions).
Figure 4 shows the experimental Rc(T) dependencies
for the In-GaN structures measured in Ref. 3 on the samples
with a total dislocation density of about 108 cm2 as well as
the results of our calculations of Rdiff ðTÞ for three electron
concentrations, 5 1016, 1018, and 1019 cm3. In Fig. 4 (as
well as in the other figures), the density of conducting dislo-
cations ND1 was used as a parameter when plotting the
calculated curves. The data demonstrate that there is rather
good agreement between the theoretical and experimental
results.
A particular situation with a semiconductor doping level
of 1019 cm3 should be noted. In this case, the thermionic
mechanism of Rc formation is valid. Therefore, we used in
our calculations Eqs. (15), (18), and (19) in the approxima-
tion made for degenerated semiconductors. It was found that,
at sufficiently strong semiconductor degeneracy and action
of the thermionic mechanism, there is practically no temper-
ature dependence of the parameters obtained. A similar sit-
uation also occurs for the Debye screening length at strong
semiconductor degeneracy. Good agreement is obtained
between the calculated and experimental contact resistance
values in the degenerate semiconductor. It should be empha-
sized that both the calculated and experimental values of
contact resistance weakly depend on the semiconductor dop-
ing level.
Figure 5 shows the experimental and calculated RcðTÞ
dependencies for the Au-TiBx-Al-Ti-n-GaN structure. The GaN
FIG. 4. The temperature dependencies of In-GaN ohmic contact resistance for
different densities of conducting dislocations. Circles and triangles, experimen-
tal data from Ref. 3, curves, theory. Experimental Nd (cm
3): open triangles,
5 1016, filled triangles, 1018, circles, 1019. The following parameters are used
for the calculation: Ed ¼0.015 eV, VT ¼ 2 107 cm/s, yc0 ¼ 3; Nd (cm3):
1 5 1016; 2 1018; 3 1019; ND2 (cm2): 1 107; 2 3 108.
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samples were prepared using MOCVD epitaxial growth on
a sapphire substrate at T¼ 1050 
C with a doping level of
1017 cm3 and a dislocation density of the order of
108 cm2.15 The agreement between theory and experiment
in this case was not as good as in the previous case due to
the variation in the structure parameters at the interfacial
plane. We believe, however, that this agreement is fairly
good because it enabled us to obtain correct values for both
the position of the minimum of the RcðTÞ curve and the mini-
mal RC value. In particular, the realization of an RcðTÞ mini-
mum at a temperature of about 270K indicates a high
density of scattering dislocations (of the order of 109 cm2).
The results are also supported by X-ray measurements. In
summarizing the results obtained for GaN, it should be
emphasized that the presence of a well-pronounced descend-
ing part in the lðTÞ dependencies (see Fig. 3) is sufficient to
explain the increase of RcðTÞ.
B. InP case
Let us next consider the cases when either the lðTÞ
dependencies contain a peak or they increase to high temper-
atures at an arbitrary interrelation between Rdiff and Rsh.
Such a situation is fairly typical of InP-based structures. To
illustrate this, in Fig. 6 we present our experimental and cal-
culated RcðTÞ data obtained for the Au-TiBx-AuGe-n-nþ-InP
structures with high dislocation density and a semiconductor
doping level of 9 1015 cm3 (circles and triangles, experi-
mental data; curves, calculated dependencies RcðTÞ obtained
using Eq. (20) for two samples with different alloying tem-
perature of ohmic contact). Since in this case the resistances
Rdiff ðTÞ and RshðTÞ are in series, the total resistance is deter-
mined by their larger value. In the case of the relation
RshðTÞ >Rdiff ðTÞ, the mechanism proposed in Ref. 1 is valid.
To ensure the required increase in RcðTÞ with tempera-
ture, the Rsh value has to be proportional to the distance dD
that electrons travel through a dislocation from the bulk
semiconductor to the metal contact, and inversely propor-
tional to r2. In Refs. 1–3, it was assumed that dD ¼ w. How-
ever, the electrons can enter a shunt only at the end of the
dislocation where the required value of the electrostatic
potential is realized. Thus they have to travel over the whole
dislocation length. With this assumption for this case, the
required Rsh value may be ensured by varying either the con-
ducting dislocation density or metal shunt diameter.
According to Ref. 16, p. 223, the diameter of the dislo-
cation nucleus may be sufficiently large (>1 nm). Therefore,
several needles composed of metal atoms can be located in
it. Let it be gold that penetrates into a dislocation. For gold,
resistivity q 	 2.25 106 Xcm and its temperature coeffi-
cient a¼ 3.9 103 K1. Taking into account that the con-
ducting dislocation density is 1010 cm2, good fitting can
be obtained by setting dD 	 1 lm and r 	 2.8 108 cm
(i.e., two atomic radii of gold). An analysis of the obtained
data (Fig. 6) demonstrates that the agreement between the
theory and experiment for Rsh is fairly good.
C. GaAs case
If there is no peak in the lðTÞ curve (the electron mobil-
ity increases with T up to the highest measured temperatures)
and the inequality Rdiff > Rsh holds, then if the proposed
mechanism of diffusion limitation is realized the temperature
dependencies of Rc will demonstrate the decrease, as in the
case of the thermionic mechanism for Schottky contact. Fig-
ure 7 shows the experimental and calculated RcðTÞ curves for
the case of contact to GaAs-based material with a doping level
of 4 1015 cm3. The experimental curves were obtained for
an In-GaAs alloyed contact.17 The authors of Ref. 16 sug-
gested that the presence of decreasing dependencies RcðTÞ
proves that the thermionic mechanism of current flow is real-
ized in the contact. They determined the barrier height (which
turned out to be anomalously low) from the slope of the
Rcð1=TÞ curve. It should be emphasized that we obtained the
satisfactory agreement between the theory and experiment in
the framework of the mechanism proposed by us in this work
assuming that the density of conducting dislocations is of the
order of 107 cm2. In this case, both characteristics, i.e., the
value of contact resistance and its temperature dependence,
can be theoretically described. A large increase of contact
FIG. 5. The temperature dependencies of GaN ohmic contact resistance (the
doping level is 1017 cm3). Circles, our experimental data, curves, theory.
The following parameters are used for the calculation: Ed ¼0.015 eV,
VT ¼ 2 107 cm/s, yc0¼ 3; ND2 ¼ 1.9 109 cm2.
FIG. 6. The temperature dependencies of Au (2000 A˚)-TiB2 (1000 A˚) -Au
(250 A˚)-Ge (250 A˚)-n-nþ nþþ-InP ohmic contact resistance. Triangles, our
experimental data, curves, theory. The following parameters are used for the
calculation: Nd ¼ 9 1015 cm3; VT ¼ 4 107 cm/s; Ed ¼ 0:007 eV, yc0¼ 2;
ND2¼ 1 1010 cm2; a¼ 3.9 103 K1. Alloying temperature, T (
C): 1, tri-
angles down, 420; 2, triangles up, 450.
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resistance is due to the restriction of the current flow to a rela-
tively small area. Our estimate shows that the relative area,
pL2DND1, is of the order of 10
3 at a semiconductor doping level
of 4 1015 cm3 and ND1  107 cm2. The reduction of contact
resistance at low temperatures in our model is correlated with a
comparatively weak freezing-out because of low donor energy
and electron scattering on dislocations. Combining the above
factors allows us to explain the results obtained in this work.
The estimated resistance of indium shunts using the values
dD¼ 5 105 cm, r¼ 5 108 cm, and ND1¼ 2.5 107 cm2
gives a value that is smaller than the experimental Rc value by a
factor of 7 at T¼ 400K. Thus, the relation RshðTÞ < Rdiff ðTÞ
that is required to realize decreasing dependencies RcðTÞ is valid
in this case.
Figure 8 shows the experimental and calculated tempera-
ture dependencies of contact resistance for the Au-Ti-Pd2Si-
nþ-Si structures. Si has q 	 0:0025 Xcm that corresponds to
the doping level of 1.5 1019 cm3. In calculating the theoreti-
cal RcðTÞ curves, we used the expressions for Debye screening
length and electron diffusion coefficient taking into account
semiconductor degeneracy. The temperature dependence of
electron mobility in n-silicon was used from Ref. 18, p. 132
for the doping level of 1019 cm3. A very good agreement
between the theory and experiment is found. It was achieved
by suggesting appropriate semiconductor degeneracy at tem-
peratures 200K.
The results allow us to determine the densities of scat-
tering and conducting dislocations by comparing the theoret-
ical and experimental dependencies of contact resistance as a
function of temperature. Thus, the proposed concept has a
heuristic capability for the determination of new parameters
of metal-semiconductor contacts.
It should be noted that no averaging was applied when
fitting the experimental dependencies using calculated ones.
This demonstrates that the scattering in parameters related to
lateral nonuniformity of contact does not play a crucial role.
IV. CONCLUSIONS
The mechanism of formation of metal-semiconductor
contact resistance proposed here may take place, first of all,
in wideband-gap semiconductors with a high density of dis-
locations and surface states in the contact. It seems paradoxi-
cal because, according to this mechanism, current flows
through the depletion rather than accumulation regions.
At the same time, there are a number of facts definitely
supporting this mechanism. The theory developed is in good
agreement with the experimental results such as increasing
contact resistance Rc with increasing temperature, weak de-
pendence of contact resistance on the semiconductor doping
level as well as strong dependence of Rc and the position of
the minimum in the temperature dependence of Rc on the
dislocation density. The above agreement was obtained for
the contacts not only to III–V semiconductors but on heavily
doped silicon as well.
The realization of the proposed mechanism does not
exclude the possibility of contact resistance decreasing with
temperature increase over the whole measurement range.
This is more likely in the structures with low-energy optical
phonons and the mechanism has been demonstrated in
weakly doped gallium arsenide.17 Characteristic features in
this case are high contact resistance and extremely low con-
tact barrier height obtained on the assumption that the tradi-
tional thermionic mechanism of current flow is predominant.
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